A HindIII cleavage map of the genome DNA of a new isolate of human cytomegalovirus (HCMV), strain Tanaka, was constructed by cosmid cloning and Southern blot hybridization of virion DNA. The genome was found to be unique in that its long (L) component was composed of two subsegments, L1 and L2, and subsegment L2 underwent inversion relative to L1 at high frequency. In addition to the normal inversions of the L and short (S) components, this produced eight genome isomers. The novel invertible subsegment was flanked by an inverted sequence distinct from the inversion-specific a sequence present in the terminal and junction regions of the genome.
INTRODUCTION
Human cytomegalovirus (HCMV), a member of the herpesviruses, has a linear doublestranded DNA molecule of 235 to 240 kilobase pairs (kb) (DeMarchi et al., 1978; Geelen et al., 1978 : Stinski et al., 1979 . Like that of herpes simplex virus (HSV), the HCMV genome is composed of two large unique sequences, Uc and Us, each flanked by inverted repeat regions. These two genome components, named long (L) and short (S), can invert relative to each other, producing equimolar populations of four isomers of the genome (Kilpatrick & Huang, 1977 ; for review, see LaFemina & Hayward, 1980) . The existence of these isomeric structures was substantiated by the identification of three or four different restriction fragment conformations spanning the L-S junctions of the HCMV genome (Fleckenstein et al., 1983 ; Ihara et al., 1986) .
Studies of the HSV genome have shown that copies of the 'inversion-specific sequence', a, are present in the same orientation at the ends of the genome molecule and in inverted orientation at the L-S junction (Mocarski & Roizman, 1981 , 1982a . That genome segments flanked by inverted copies of the a sequence undergo inversion was verified by the fact that insertion of the a fragment into the thymidine kinase gene located in the middle portion of the L component caused additional inversions to occur (Mocarski et al., 1980; Smiley et al., 1981 ; Mocarski & Roizman, 1981) . Besides its role in genome inversion, the a sequence provides a cis signal for circularization (Wadsworth et al., 1975) and cleavage/packaging of genomic DNA (Vlazny et al., 1982) . Recently, the existence of a sequence that is functionally and structurally analogous to the a sequence of HSV has been confirmed in the inverted repeat region of the L-S junction of the HCMV genome (Tamashiro et aL, 1984; Spaete & Mocarski, 1985) .
In this paper, we propose a novel structural model for the genome of a new isolate of HCMV, strain Tanaka. The model is unique in that component L of the genome contains a subsegment flanked by a set of inverted repeats unrelated to the a sequence and, in addition to the known inversion of components L and S, this subsegment undergoes inversion relative to the rest of component L at high frequency during multiplication of the viral genome. This model predicts the existence of eight isomers of the genome and six different fragment conformations spanning the L-S junctions. All the analytical data obtained could be explained by this model without contradiction. This novel genome arrangement is apparently analogous to that observed for the 0000-7405 © 1987 SGM genome of an artificial mutant of HSV in which a copy of unique sequence from component L was inserted into the thymidine kinase gene in inverted orientation relative to the original sequence (Pogue-Geile et al., 1985) .
METHODS

Cells, virus and virion DNA.
Human embryonic lung (HEL) cells were grown in Eagle's minimum essential medium with 5 ~ calf serum. For virus infection serum was reduced to 2~. HCMV(Tanaka) was isolated from a congenitally infected newborn in our hospital and plaque-purified twice just before the present study by a method described previously (Ihara et al., 1978) . Virus from a plaque of the second purification step was inoculated to 5 x 105 HEL cells and medium was changed once every 3 days. The culture fluid was harvested when cells showed extensive cytopathological change, divided into 0.2 ml portions, and frozen; these were used as stock virus. To prepare virions for DNA analysis, about 2 x 10 v HEL cells grown in a roller bottle (630 cm 2) were infected with the stock virus at a m.o.i, of 0.001 and cultured. Medium was changed once every 3 days and virions accumulated in the last 2 days of the culture were harvested. HCMV strain Towne was plaque-purified and propagated in the same manner as above. Purification of virions and extraction of viral DNA from them were as described previously (Ihara et al., 1986) .
Recombinant cosmid clones of viral DNA. The original cosmid cloning method (Collins & Briining, 1978; Hohn & Collins, 1980 ) was slightly modified as described (lhara et al., 1986) . Briefly, virion DNA(Tanaka) was partially digested with HindIII and sedimented in sucrose gradients. DNA fragments larger than about 30 kb were ligated into the HindllI site of cosmid pHC79 and the recombinants were propagated in Escherichia coil HB101. Individual recombinant DNAs were then digested completely with HindllI, and fragments of viral origin were identified by comparing their electrophoretic mobilities on agarose gels with those of HindllI digests of virion DNA(Tanaka). Further subcloning of the completely digested HindlII fragments of DNA(Tanaka) was effected by ligating them into pBR322 as described for cloning of HindlIl fragments of virion DNA(Towne) (Ihara et al., 1986) . Restriction endonucleases and T4 DNA ligase were obtained from Toyobo, Osaka, Japan and calf intestine alkaline phosphatase from Boehringer Mannheim.
Southern blot hybridization. DNA fragments generated by digestion with restriction enzymes were separated by electrophoresis on 0.4~ or 0.6~ agarose gels in 40 mM-Tris-acetate and 2 mM-EDTA, stained with ethidium bromide, and electroblotted onto nylon membranes (Hybond-N, Amersham) according to the manufacturer's protocol. Probes were prepared by labelling viral DNA fragments with [c~-32p]dCTP (sp. act. 3000 Ci/mmol, Amersham) by nick translation (Rigby et al., 1977) . They were hybridized to the blots of viral DNA fragments and washed under stringent conditions according to the Amersham protocol.
RESULTS
Restriction profiles of virion DNAs
A high degree of similarity was observed between the restriction profiles of the virion DNAs of strains Tanaka and Towne digested with various enzymes (Fig. 1) . Cross-blot hybridization in which cloned HindlII fragments of DNA(Towne) were labelled and each of them was hybridized to Southern blots of HindlII digests of DNA(Tanaka) showed that all pairs of comigrating HindlII fragments of these DNAs shared homology (Fig. 2a) , and therefore the fragments of DNA(Tanaka) were named by analogy with DNA(Towne). These HindlII fragments will be referred to without prefixing the enzyme name in this paper. As expected, the L-S junction fragments E and G of DNA(Towne) hybridized with multiple fragments of DNA(Tanaka) (Fig. 2a,b ). Besides these, the probe fragment A also hybridized with numerous fragments of DNA(Tanaka) (Fig. 2a,b) ; of these fragments, those not comigrating with fragment A from DNA(Towne) were denoted by the letter A and an appropriate superscript. 
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(c) Fig. 6 assuming that these eight isomers are produced in equimolar amounts.
t Sizes of the fragments were calculated from the sizes of the junction fragment A L and the terminal fragments p1 and U 1.
Making use of the previously established physical map of DNA(Towne) (Ihara et al., 1986) , DNA(Tanaka) was analysed in a comparative manner.
Besides the existence of multiple hybridizing bands of fragment A, DNA(Tanaka) showed the following characteristics. (i) Fragment O (7.8 kb) was missing. That this sequence was virtually deleted in DNA(Tanaka) was suggested by the absence in DNA(Tanaka) of fragments corresponding to XbaI fragments O and S of DNA(Towne) (Fig. 1 a) which constitute the genomic region corresponding to HindlII fragment O in DNA(Towne). The deletion of this sequence in DNA(Tanaka) was also supported by cross-blot hybridization when probed with fragment O (Fig. 2b). (ii) At least 10 submolar fragments were observed for DNA(Tanaka) ( Fig.  1 b and Table 1 ). Submolar fragments would be expected when terminal/junction regions of the genome isomers are cleaved outside the terminal repeats. Theoretically, a maximum of four halfmolar fragments from the termini and four quarter-molar fragments from the L-S junctions would be expected for the DNAs of known HCMV strains. The figure observed for DNA(Tanaka) exceeded the theoretical maximum, suggesting the existence of more than four types of genome isomer or additional junction conformations in DNA(Tanaka).
A variety of extra fragments of unusual molarities would also appear if defective virions had accumulated in quantity. The generation of defective virions has been observed for HCMV as well as other herpesviruses serially passaged at high m.o.i. (Locker & Frenkel, 1979; Stinski et al., 1979; Locker et al., 1982; Lomniczi et al., 1984) . This possibility was minimized in this study by propagating the plaque-purified stock virus at very low m.o.i, and avoiding serial passaging of the virus (see Methods), In this regard, the following two tests were conducted. First, restriction profiles of virion DNA were compared before and after plaque purification of HCMV(Tanaka); no significant differences were detectable (data not shown). Second, two other plaque isolates of HCMV(Tanaka) were subjected to HindIII restriction analysis; the patterns obtained were essentially the same as that shown in Fig. 1 (a) , and the slight differences observed were only in the sizes of the fragments which were later identified as the terminal fragments (data not shown). Further evidence against the possibility of defective virions will be discussed later.
Search for novel junctions in DNA(Tanaka) by the cosmid cloning method Virion DNA of HCMV(Tanaka) was partially digested with HindlII and large fragments (> 30 kb) were ligated into cosmids. Over 100 recombinant cosmid clones were isolated in two series of similar experiments. The recombinant clones were then digested completely with HindlII and analysed for their viral DNA components. From these data, viral DNA segments carried in the recombinants were classified into 42 species which covered the whole length of viral DNA in large overlapping segments, and a cleavage map of DNA(Tanaka) for HindlII was constructed (Fig. 3) .
To ascertain that fragments E 1, G 1, A 1 and A 2 were those spanning the L-S junctions, these fragments were cloned and hybridized to each other (Fig. 4) . The four fragments shared sequence homology as expected and, in addition, fragments A ~ and A 2 shared sequence with fragment A as well. Thus, the A series fragments observed in Fig. 2(a) and (b) include the L-S junction fragments, this being a prominent feature of DNA(Tanaka).
In addition to these four different L-S junctions, two novel junction conformations were found in the cosmid recombinants (Fig. 3, lower left) 
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A and A s may be regarded as novel junction fragments connecting UL~ and Ut2 to form two different types of UL. This idea gains support from the fact that fragment A s and possibly also fragment A were present in submolar amounts ( Fig. 1 b and Table 1 ). The predicted novel junction fragments A and A s did not share any sequence with the L S junction fragments E 1 or G ~ and, in this respect, can be distinguished from the A series L-S junction fragments (Fig. 4) . Since UL1 and ULZ are regarded as the unique sequences of what will be called LI and L2, respectively, this novel junction will be referred to as the L1-L2 junction. It is highly unlikely that the isolation of sequences containing fragment A s was an artefact, because the number of cosmid clones carrying this fragment isolated in two series of experiments was 23, about 20 ~o of the total number of cosmid clones obtained, and their component fragments could be mapped without any contradiction.
Another novel junction conformation was found in the form of ALT (Fig. 3, lower left) . The blot hybridization in Fig. 4 suggests that fragment A L belongs to the group of L-S junction fragments distinguishable from the L1-L2 junction fragments A and A s, Our interpretation is that the linkage of ALT possibly represents a novel L-S junction at which the D-side end of UL (newly formed by the presumed inversion of subsegment L2) was joined to the T-side end of Us. Evidence for this will be shown at the end of the next section.
Cosmid cloning of viral D N A fragments may amplify minor contaminants derived from defective virions which otherwise would escape detection. This is not the case for the A series fragments found here, because these fragments are consistently generated in substantial amounts by HindlII digestion of the virion D N A of HCMV(Tanaka) ( Table 1 and Fig. 2b ).
Homology maps of the junction fragments from DNA( Tanaka)
To specify fine regions of mutual homology among the presumed junction fragments A, A s, A ~, A 2, A e, G ~ and E ~, their cleavage maps were constructed by the double digestion method using various restriction enzymes (Smith & Birnstiel, 1976 The upper and lower diagrams show the cleavage maps of HindlII fragments A and E 1 for the various restriction enzymes indicated, and both series of fragments generated are alphabetized and numbered, respectively, in decreasing order of size. EcoRI fragments A, B, C and D (hatched fragments in the upper diagram) generated from HindIII fragment A, and KpnI fragments 1, 2, 3 and 4 (hatched fragments in the lower diagram) generated from HindIII fragment E ~ were labelled with 32p and each of them was hybridized to the other junction fragments which had been cleaved with various restriction enzymes and blotted on membranes. Fragments that showed homology with these probes are indicated by the capital letters or numerals of the respective probes. The sizes indicated by braces underneath the diagrams for L-S junction fragments represent those of the terminal fragments U 1 , p t, K t ' K z and K 3 which constitute the junction fragments. The regions marked with asterisks are composed of multiple fragments whose order was not determined. 
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773 by nick translation and each of them was hybridized to the other junction fragments which had been digested with various restriction enzymes, separated on gels, and blotted on to membranes.
Restriction fragments that showed homology with one or more of the probes EcoRI A, B, C and D were marked with the respective capital letters and aligned in the same orientation as that shown for fragment A. The results are summarized in the homology maps for fragments A s, A 1, A 2 and A L shown in Fig. 5 . The orientation of the fragments shown here was validated in a separate experiment in which the probe EcoRI C was hybridized to a recombinant cosmid fragment VMASH digested with EcoRI; the probe showed homology with a fragment spanning fragments A s and H (data not shown).
Another series of experiments of the same type was conducted in which four fragments KpnI 1, 2, 3 and 4 generated from HindlII fragment E 1 (hatched fragments in the lower diagram of Fig. 5 ) were labelled and each of them was hybridized to each series of restriction fragments generated from the other junction fragments, this time including fragment G ~. Restriction fragments that showed homology with one or more of the probes KpnI, 1, 2, 3 and 4 were marked with the respective number. The results are summarized in the homology maps for A 1, A 2, A L and G 1 in Fig. 5 .
The terminal fragments p1 and U ~ and the L-S junction fragments E ~ and G 1 of DNA(Tanaka) were found to share all the characteristics of their counterparts in DNA(Towne) except that the terminal fragments were smaller (by about 0.1 kb) and the L-S junction fragments were larger (by about 0.3 kb) than those in DNA(Towne). To examine whether this difference had any significance in the peculiar structure of DNA(Tanaka), the cleavage maps of fragments E 1 and G 1 of DNA(Tanaka) were compared with those of E and G of DNA(Towne) constructed in the same manner as above. The results showed that an extra sequence of 0.3 kb was inserted at the L-S junction point of E 1 and G 1 . Similar inserts were also found in the other L-S junction fragments A 1, A 2 and A L. Among these, the size of the insert in fragment A L was 2.5 kb. These possibly represent increases in the number of terminal repeats which were originally present at the L-S junctions, because the inserts showed sequence homology with all the terminal/junction fragments but not with any unique sequence fragments, including fragment A (data not shown). Analogous phenomena have been observed previously for the genomes of herpesviruses (for review, see Roizman, 1979) .
HindlII cleaves within the terminal repeats of the L component of DNA(Towne), yielding a single species of terminal fragment K, whereas the L component of DNA(Tanaka) is apparently cleaved outside the terminal repeats yielding two different terminal fragments, K 1 and K 2. Therefore, again by analogy with DNA(Towne), the L-S junction fragments E 1, G 1 , A 1 and A 2 may be expressed as K~P ~, K1U 1, K2W and K2U ~, respectively, where P1 and U 1 represent terminal fragments of component S (Fig. 5) . Since the sizes of fragments P~ and U 1 are known (Table 1) , the rest of the length of each junction fragment is regarded as the approximate size of fragment K 1 or K 2. Similarly, the novel L-S junction fragment A L may be expressed as K3p 1. The junctions of U ~ or P~ and one of the K series fragments represent the points at which components L and S join in the different genome conformations. The homology maps show that all the terminal fragments K ~, K'-and K 3 have sequences which can make the same type of linkage with one end of either fragment p1 or U 1.
The left ends of fragments E~ and G 1 in Fig. 5 are identical, being delimited by the same ends of fragment K 1, and both the fragments flank the W-side end of UL. Similarly, the left side ends of fragments A s, A 1 and A 2 are identical and they all flank the M-side terminus of UL as shown in Fig. 5 . Therefore, the observed identity of the left end of fragment A L and that of fragment A may be an indication that fragment A L flanks, as fragment A does, the D-side end of the new type of UL formed by inversion of L2.
DISCUSSION
The presumed structures of DNA(Tanaka) packaged in virions are schematically illustrated in Fig. 6 , in which the regions of inverted homology in the junctions and termini are shown by pairs of hatched patterns in each of the presumed eight isomers. Here, the terminal fragments pl and U 1 flank the T-and F-side ends of Us, respectively, and the terminal fragments K 1, K 2 and sequence generated by such splitting should be identical to each other in opposing directions, and capable of making the same linkages as before when the segments rejoin to form genome conformation III. This rearrangement would make the novel L1-L2 junction fragment A s and the terminal fragment K 3. The subsequent inversion of this rearranged component L relative to S would result in genome conformation VI in which a novel L-S junction fragment, K3U 1, is formed. The inversion of subsegment L2 relative to L1 may result from either intramolecular or intermolecular recombination events that occur in the inverted repeat regions at the ends of subsegment L2.
No homology was observed between fragment A and the junction fragments E t or G 1 (Fig. 4) . This indicates that the inverted repeats flanking the novel invertible subsegment UL2 are derived from a unique sequence contained in fragment A and distinct from the a sequence which is present in the termini and junctions of herpesvirus genomes and responsible for the inversions of components L and S (Mocarski et al., 1980; Mocarski & Roizman, 1981 , 1982a . In this regard, the structure of DNA(Tanaka) seems to be analogous to the genome of an artificial mutant of HSV reported by Pogue-Geil et al. (1985) . The present study cannot specify the exact points at which fragments A and K 2 are split. The splitting may occur at any corresponding points in these inverted repeats or, alternatively, at specific 'hot' points suitable for cleavage and rejoining.
The model predicts the existence of eight genome isomers in which six different L S junction conformations and two L l-L2 junction conformations are anticipated. In the present study, five of the six predicted L-S junctions were identified. Only one fragment, K3U 1, could not be identified in the cosmid bank. It may be that the predicted fragment K3U 1 is large by itself and recombinant cosmid clones carrying it together with adjoining fragments tended to exceed the packaging limitation for cosmid recombinants (Collins & Briining, 1978) . This may also explain the fact that only a single recombinant clone was isolated which carries A L of a similarly large size.
The molar ratios of the junction/terminal fragments generated by HindlII digestion of DNA(Tanaka) ( Table 1) do not deviate much from values calculated on the assumption that the inversion of L2 relative to L1 occurs as freely as the inversion of components L and S relative to each other. The molar ratios of fragments that could be separated completely from others on gels can be considered more specifically. (i) Fragments p1 and U 1 (the termini of component S) and fragment K * (one of the termini of component L) were close to half-molar, consistent with the well known free inversion of components S and L. (ii) The molar ratios of fragments A s, K 2 and A L, which should reflect the ease with which subsegment L2 inverts relative to L 1, are consistent in suggesting a high frequency of inversion.
The following should be commented on regarding the possibility of defective virions. DNAs from defective virions of herpesviruses produced by serial passage at high m.o.i, share the characteristic that they contain tandem repeats of a portion of unique sequence linked with the a sequence (Rixon & Ben-Porat, 1979; Locker & Frenkel, 1979; Locker et al., 1982) . It is unlikely that analogous defective forms are present in virion DNA of HCMV(Tanaka) and that these produce the novel junction fragments found here. In contrast to these defective DNAs, the novel junction conformation LVMASHca found in DNA(Tanaka) is apparently a product of head-tohead conjugation which can be accounted for only by inversion-type rearrangements. Moreover, there was no indication of tandem repetition of sequences including LVMASHca in virion DNA from HCMV(Tanaka); no cosmid clones carrying fragments L and 'a' together were found (Fig.  3) , and no extra bands were found by cross-blot hybridization when probed with fragments I or N which flank fragments L and 'a', respectively (Fig. 2a) . This is also supported by the fact that the molar ratios of fragments H and V (and possibly L and M) are close to one.
The growth characteristics of HCMV(Tanaka) are similar to those of HCMV(Towne), indicating that the fragment O sequence is not required for the replication of this virus. This is in line with the previous finding that the ends of the L and S components of HCMV tend to be deleted without affecting infectivity (Weststrate et al., 1983; Furukawa, 1984) . The pathogenicity and genetics of HCMV strain Tanaka in connection with its peculiar genome structure will be the subjects of future studies.
